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8.9 GeV p yield measurements at the Fermilab antiproton source **
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The p yield at 8.89+0.18 GeV has been measured for different lithium collection lens gradients and lens to target distances.
Using an empirical p production and collection model, the yield as a function of production angle and vertex position in the target
has been extracted. Data taken for different targets indicates that the p yield varies little as a function of atomic weight. A
reduction in the Re target yield due to target melting was measured for the nominal proton intensity on target. An enhancement in
Cu p production was observed for proton beam targeted very near the interface with a lighter material (Al) disk.

1. Introduction

The Fermilab Antiproton Source [1] and Target
Station {2] are shown in Figs. la and Ib, respectively.
In typical p production running, a 120 GeV beam of
1.6 X 10" protons per pulse (80 full bunches per pulse)
impinges on a target. The target assembly consists of a
stack of Ni, Cu, Al and powdered Re (rhenium) cylin-
drical disks mounted on a moveable shaft. A target is
selected by moving the shaft verticaly; the target length
and distance to the lens is adjusted by moving the shaft
in the horizontal plane. A lithium lens [3] downstream
of the target collects and focuses the 8.9 GeV /¢ secon-
daries. The distance from the center of the target to
the upstream edge of the collection lens which maxi-
mizes the p yield is typicdly 17-21 cm. This distance
diminishes as the current through the lens, and thus
the magnetic field gradient, rises. The secondaries
travel another 60 cm after leaving the lens before being
kicked 3" horizontally by a pulsed dipole into the
aperture of the AP2 beamline. The AP2 beamline
transports the beam to the Debuncher storage ring.

The optimization of p production and collection
‘requires a detailed understanding of the way various
factors affect the p yield. The data presented in this
paper will impact the design changes which must take
place in order for the target station to operate after
the Fermilab Main Injector project is completed. As
well, in upgrading and adding to the existing target
station instrumentation and devices, it is important to

* Corresponding author.
** Work supported by the US Department of Energy under
contract No. DE-AC02-76CHO03000.

know how to weigh predicted gains in instantaneous
yield versus potential system reliability problems.

To maximize the number of p’s produced, one would
like the proton intensity to bc as large as possible. The
proton intensity is limited not only by the performance
of the Main Ring but also by considerations of target
survival. There is a material dependent limit on energy
deposition. Exceeding this limit for a particular target
type will result in instantaneous melting and perhaps
stress wave fractures.

To maximize the lithium collection lens acceptance,
the lens to target distance at focus must be minimized.
This is accomplished by operating the lens at the
highest feasible current. Higher lens currents result in
greater thermal stresses on various collection lens com-
ponents due to Joule heating. As well, a shorter lens to
target distance increases the radiation exposure of the
lens transformer resulting in greater heating of the
transformer core. These effects limit the lifetime of
lenses operating at extremely high field.

Under the best of running conditions, the absolute
yield into the Debuncher was measured to be 1.95 x
1073 B/p or 4.1 wA of circulating current per pulse.
At that time. the collection lens to target distance was
17 cm and the Main Ring delivered 2.1 x 10'2 protons
per pulse on target.

2. Monte Carlo production and collection model

In order to extract the collection lens acceptance
and make predictions from fits to the data, an empiri-
cal Monte carlo model was written based on the work
of Hojvat and Van Ginnckcn [4]. This model includes
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Fig. 1. (a) Fermilab Antiproton Source. (b) Antiproton Source Target Station.

primarily and secondarily produced ps in an admixture
defined by the user. In standard running, the sec-
ondary contribution is set to 15% for Cu and to 25%
for W with interpolation for intermediate values of A
(atomic weight).

The primary p vertex distribution along the beam
direction (z) follows the exponential decline of the
proton intensity

P(z) =e +u/D/ L 1)

where z, is the target length and z = O is the target
center. The secondary p vertex distribution imple-
mented follows the relationship:

5(z)=S,(1 - e—(z+z:/2»/L,..s)(1 — 516"“’/2_”/1‘,“).

)
Labs IS the proton absorption length and L ; is the
pion absorption length. The expression consists of two
factors. The first is proportional to the number of
protons which have interacted in the target. The sec-

ond factor is proportional to the number of produced
pions which interact in the target. By varying the

parameters S, and S, one may move the secondary p
vertex distribution upstream or downstream.

Once a vertex position along the beam direction is
established, random Gaussian production angle and
transverse vertex coordinates arc assigned. Each p is
tracked to the target edge with Coulomb multiple
scattering and p reabsorption taken into account. The
tracking then continues to the upstream face of the
lithium collection lens where a radia acceptance cut is
applied. The tracking through the lens is described
below. Admittance cuts are applied after lens tracking
is complete. The standard Monte Carlo model parame-
ters are shown in Table 1.

The lithium lens used to collect the antiprotons is a
cylindrical conductor of radius r, carrying a total cur-
rent 1. The magnetic induction B is ideally a linear
function of radius r, B(r) = p,fr/2=wr. Such an ided
lens is in focus when the distance from the target
center to the upstream face of the lens is

Zlcns—largcx = 1/(k tan(k[))* (3)
where & = 0.3G/p, ! = lens length, and G is the
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field gradicnt B(r)/r. But in practice thc current js
pulsed to minimize Joule hcating in the lithium core. A
pulsed power supply delivers a damped haf-sine wave
current to the lens described by It) = I cxp
(—af) sin{wt) (0 < wt < w) where [, is the peak cur-
tent without damping, « is the damping constant. and
w is the angular frequency determined by the capaci-
tance and inductance of the pulser circuit. The current
and magnetic field diffuse into the lithium core on a
time scale that depends on the ratio of the skin depth
to the lens radius & /ry. The field strength varies as a
function of time according to [5]

1 (Br) c"’}
Ji(Bro)

+ Ty h(ar) e, @

where y =a + iw and B, is the maximum value of B
for an undamped pulse. J(Br) is a first order Bessel
function with complex argument Br and with B8 de-
fined by B* = oua + 2i/8% A;ry is aroot of the first
order Bessel function J(x) = 0. The a; coefficients are
given by

B(r,t) =B, Rc{

2
ry A;rg 1

a;= —4By— - .
! 8 (A}—o—y.oz)zrg +4(ro/8)" Jo(;r0)

)
The resulting deviation from linearity may be seen in
Fig. 2. The ratio B(r)/r as a function of radius r is

plotted for three values of phase ¢ =e!. The power
supply voltage is 2625 V, and the gradient of the linear

Table 1

Standard Monte Carlo parameters

Parameter Value
Lens radius [m] 0.01
Lens length [m] 0.15
Lens to target distance [m) 0.17
Lens power supply voltage {V] 2342
Phase of current pulse 0.7+
als™) 1800

5 {m] 0.00455
Circuit capacitance [pF] 45x%103
Target disk radius [m] 0.05
Target material Ni

Target size [m] 0.02
AP2/Debuncher admittance [w mm mRad] 26

p central p [GeV/c] 5.89
Pa, [GeV/el 0.17s
Half-angle of primary production [rad]) 0.07
Half-angle of secondary production {rad]} 0.1
Proton beam o, = o, [m] 0.00015
So 9

5 0.7

A I B T 1

1200 —

1000
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800

600
0
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Fig. 2. B(r)/r vs radius for three different collection lens
current pulse phases ¢ = w!.

component of the field (5] is {G) = 1000 T/m at
¢ =0.7K.

Aberrations in the lens optics caused by nonuniform
penetration of the magnetic field have a strong effect
on yield [6). The redigtic variations in magnetic field
strength are included in the model. The path of parti-
cles is traced through the lens in four steps, and the
deflection in each step is calculated using the field in
the respective region.

3. Measurements
3.1. Measurement tools

The secondaries transported down the AP2 beam-
line into the Debuncher (predominantly electrons and
pions (7)) were measured just before injection into the
Dcbuncher using an ionization chamber (IC728). The
first opportunity to measure the p flux directly arises
only after the electrons have stopped circulating duc to
synchrotron radiation and the other particles have dc-
cayed. Thus, p yield measurements were made in the
Debuncher by using both a dynamic signal analyzer
(dsa) and a dc beam current transformer (dect). The
signal analyzer does a fast Fourier transform of the
longitudinal Schottky power spectrum and intcgrates it
over a specified bandwidth. The signal analyzer is
calibrated to the dcct and is accurate to a few pctcent.

3.2 Dependence of yicld on lens timing

Mcasurcmcnts werc made to investigate the depen-
dence of yield on the becam passage time relative to the
phase of the lens current pulse. The instrumentation
uscd consisted of an ionization chamber located ncar
the end of thc AP2 beamline and a dect in the De-
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Fig. 3. Yield to IC728 and into the Debuncher vs lens current
pulse phase ¢ at which the beam passes. The yields are

normalized to unity.

buncher. As noted above, the ionization chamber mea-
surement is dominated by pions and electrons while
the dcct measurement is made primarily on ps.
Results are shown in Fig. 3, together with model
predictions for two admittances, normalized to the
data. The peak of the yield curve depends on the
aperture of the acceptance optics downstream of the
lens because of the inward penetration of the focusing
field in the lens. The peak field gradient moves inward
with time during the pulse; different apertures sample
different portions of the field. The model predictions
shown in the figure are for a lens which is in focus. As
the lens-target distance is increased, the predicted
yield curve becomes smaller and narrower in time; as
the lens-target distance is decreased, the curve broad-
ens and splits into a double-peaked distribution. The
ionization chamber yield curve shows agreement with a
model prediction in the range of 40+ mm mrad, while
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the Debunchcr yield curve has a fit in the range
20-26w mm mrad. Shown is the 26« prediction. The
difference between the curves indicates that the ps
pass through a more restrictive aperture downstream
of the first point of mcasurcment. The measured aper-
ture into the Debuncher agrees with an independent
direct measurement of Debuncher aperturc (26+r), but
leaves open the possibility that the AP2 beamline may
have an aperture restriction between the ionization
chamber and the Debunchcr. Discrepancies between
the data and the model a early times may be due to
the enhanced tail on the multiple Coulomb scattering
digtribution, which is not well modelled by a Gaussian
distribution. Due to limitations in the timing circuit,
phases larger than 0.8« were not achievable.

3.3. Geometrical yield darn

The measured § yied versus target to lens distance
for different lens power supply voltages is plotted in
Figs. 4a and 4b. The predicted yield curves were nor-
malized to the highest voltage data. The production
half-angle parameters given in Table 1 were found by
matching the model to the data Yield predictions for
the idead and redigtic lens fields arc compared in Fig.
5 for the 2342 V data. The agreement with the data is
better for the redlistic lens. The impact of the redlistic
lens field on the predicted vertex distribution is shown
in Fig. 6. For the design lens gradient (G) = 1000
T/m, the realistic lens accepted vertex distribution is
shifted downstream with respect to the ided lens. The
production angle distribution which comes from the
model is shown in Fig. 7.

The yield as a function of power supply voltage is
given in Fig. 8 adong with model predictions for differ-
ent AP2/Debuncher admittances. The data shown cor-
respond to {G) in the range of 620-890 T/m. For the
purposes of this plot, the yield data and mode curves
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Fig. 4. p yield vs lens to target distance for lens power supply voltages (a) 1800. 1860, 1925 V and (b) 2090, 2292, 2342 V.
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were normalized using @ 26w% mm mrad admittance.
The true admittance is known to only a few % mm
mrad so that this curve is useful only to predict relative
dependence of yield on admittance. However, since the
voltage is known to 1%. accurate scaling predictions
are possible.

Extrapolating the measured yield at 2342 V (Fig. 4)
to {(G) = 1000 T/m (Fig. 2) gives a predicted yield of
2.06 x 10~3 §/p. This is lower than the Hojvat and
Van Ginneken [4] prediction for a 5 cm W target of
6.8 x 10~° under similar conditions. The 0" production
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angle value of (1 /o Xdo/df2dp) = 0.252p /(sr GeV /c)
used by Hojvat and Van Ginneken was found by ex-
trapolating then existing data into the forward p pro-
duction region. The origina model was later updated
along with the MARSI0 program to better match Fer-
milab p yicld data from 1986 as well as the FLUKAS86
program [8].

3.4 Target material yield data

No satistically significant differences in the § yidd
from Cu. Ni and Re have been observed. This result
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Fig. 8. p yield vs collection lens power supply voltage
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differs slightly from previous measurements which
showed that W provided 5% more yield than Cu {8].
The fact that the Re target was powdered and thus had
73% of the density of solid Re may explain the differ-
ence since Re and W arc very similar in atomic weight.
The fact that all three targets had similar optimum
target lengths implies that p production and p absorp-
tion rates were also similar. The measured optimum
effective target length was found to be 7.0 & 0.1 cm for
Cu and Ni. The optimum Re length was 6.85 + 0.1 cm.
The model was used with secondary p production
turned off in order to estimate the difference in sec-
ondary contributions to the yield of the two targets.
The model predicts that the Re primary contribution is
15% less than that of Cu. Since the data indicate that
the overal yields are identical, one may conclude that
the difference comes from secondaries. The absorption
cross sections used in the model {9] are believed to be
quite reliable and give us confidence in this result.

3.5 Target density depletion data

A large energy deposition on target is expected to
locally melt target materials. As the target material
melts, its density drops, which results in a diminished
hadron yield from those bunches of protons which
arrive after this melting has occurred. Data were taken
using rhenium and nickel targets which have melting
point energies of 600 and 1100 Jg respectively.

The Fermilab Main Ring provided a beam with an
intensity of 1.6 x 10'? protons per pulse and a trans-
verse width (¢) of 0.14 mm on target. Using a resistive
wall monitor in the Debuncher, the bunch structure of
the beam during the first turn was measured. A similar
wall monitor was used to measure the incoming proton
bunch structure. By integrating the individual bunches,
the charge associated with each bunch was determined.
Comparing the bunch charge with the corresponding
proton bunch charge provided a measure of the yield
on a bunch-by-bunch basis. The charge in arbitrary
units for protons on target and first turn particles in
the Debuncher as a function of bunch number is given
in Fig. 9 for a Re target. The yield from the last 25% of
the bunches shows an obvious deficit which increases
with bunch number. By the eightieth bunch, the yield is
down 8% + 4% as compared with the first.

Two models were employed to help understand the
relationship between the bunch number at which the
yield began to drop, the beam region temperature and
the melting point energy. First, the bunch number at
which the yield from Rc began to drop was 45 + 5.
This corresponds to a CASIM caculated melting point
energy of 600 + 65 J/g and is consistent with the
thermodynamic prediction of 600 Jg. Second, a model
which assumes a 25% beam absorption rate and the
relationship dp/dT = —0.0001p for liquid rhenium
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Fig. 9. Charge per bunch vs bunch number (Re target).

predicts that Ap/p = -21%. Sincc rhenium melts at
3180°C the density drop given corresponds to a tem-
perature of 5280°C. This implies that the melting be-
gan after 60% of the pulse hit the target and is consis-
tent with the data

Target density depletion was not observed in Ni.
This is what one would expect since the energy deposi-
tion in Ni for an intensity of 1.6 X 10'? protons per
pulse is 615 Jg while the melting point energy is 1100
J/8.

3.4 Edge enhancement Of yield

The relative importance of material and geometry
dependent factors such as p production and reabsorp-
tion, Coulomb multiple scattering and the secondary
production of Ps was investigated further by studying
yield near the interface of two dissimilar materials.
Since the vertical motion of the target assembly per-
mits the beam to impinge upon different portions of
the target stack, it was possible to do a p yidd mea
surement at both interfaces of an Al disk sandwiched
between two Cu disks. The results are shown in Fig.
10. The edge enhancement of yield is observed when
the lens is focused on the upstream portion of the
target where the p path lengths in, the dissmilar mate-
rids are longer. A 5% yield enhancement in Cu and a
5% vyield reduction in Al was observed under these
conditions in agreement with model predictions. The
enhancement in Cu is due to the reduced scattering
and reabsorption of ps created in the dense Cu mate-
rial but which escape through the lighter Al material.
The converse is true for ps produced in the Al. The
significance of this result is twofold. First, the results
show that secondary production must be a relatively
small contribution to total yield, since it would be
expected to mask the edge enhancement effect. Scc-
ond, the demonstration of the cdge enhancemecnt ef-



S. C.0'Day. F. M. Bieniosck f Nucl. Inste. and Metl. in Phys. Res. A 343 (1994) 343-350 34Y

4
]
1
L]

o
|
{

o
w
]

Cu—o e Aluminum ————————=e=— Cu

Yield/Proton

o
N
I
|

06 — . —

RN B B BN S
6.1 6.35 6.6 6.85 7.1
Vertical Coordinate(cm)

Fig. 10. Yield enhancement at the target vertica edge. The
yield is normalized to unity.

fect indicates that it may bc possible to increase the
yidd by designing a target that utilizes this result (sec
below).

4, Discussion

As a result of these measurements and the Monte
Carlo simulation work done, gains in p yield made by
increasing the lens gradient are predictable. The work
builds on previous Monte Carlo p production calcula-
tions by adding a redigtic smulation of the collection
lens magnetic field. This modd is used to fit data taken
at a higher proton beam intensity and a higher lens
field gradient than had been achieved previously. By
varying the timing of the lens current pulse, it has been
possible to independently measure the Debuncher and
AP2 beamline apertures. By tuning the production
angle parameters in the program to fit the data, it has
been possible to extract p production angle and target
vertex distributions. Finaly, it was possible to use al of
this information together to predict the scaling of yield
to collection lens field gradients higher than those
achieved to date.

The Hojvat and Van Ginneken predictions for a 5
cm W target are higher than a fit to the Ni and Cu p
yield data extrapolated to the lens design gradient by a
factor of 3.3 to 3.8. As well, the W yield data is
expected to be 1.4 times higher than Cu or Ni based on
Hojvat and Van Ginneken, but only 1.05 times higher
according to Azhgirey and Mokhov. Thus, the zero
production angle value of (1/oXdo/d2dp) =
0.252p/(st GeV /¢) used in the Hojvat and Van Gin-
neken model should be scaled down to a value of
between 0.07 and 0.1 15 /(st GeV /c¢) depending on the
assumptions used. It should be noted that the optimum
yidd for the redistic lens is within a few percent of the
yield for an idcal lens. It is on this basis that direct

comparisons between the data and the previous models
have been made.

Mcasured yield is independent of A for thc target
materials studied here using the described target ge-
ometry. Although the yield from proton-nucleon in-
elastic scattering for higher A materials rises with the
proton absorption cross section (cr,,b,.,,,,g;,,“ = 38.2
mbA-%)9,10]and the secondary yield from produced
pions and neutrons is higher as well, a greater fraction
of produced ps is absorbed to compensate. In order to
reduce this absorption, one might usc a wire target.
The model presented herc indicates that a cylindrical
Ni target with a diameter of 0.5 mm will increasc yield
by 20% compared with the presently used thick target
disk. The results of the study showing yield enhance-
ment at the Al/Cu interface lend confidence to this
prediction.

In high-intensity p production target opcration Ni is
the target materia of choice because of a combination
of its high melting point energy, superior yield strength
and resistance to damage by shocks. Ni has a relatively
high melting point energy (1100 J /g). The yield streagth
of Ni (230000 Pa) is competitive with other targct
materials such as Re (270000 Pa) and Cu (72000 Pa).
Further, a Ni target can be expected to undergo recla-
tively modest beam-induced mechanical stresses. This
is due to the fact that, in Ni, the ratio of instantancous
overpressure to beam energy input d P/d E =pl =
15800 Pakg/J, where p is the density, and I is the
Gruneisen parameter, is low, particularly with respect
to W and Re. An analysis of stress wave behavior in
targets is given elsewhere [11]).

According to Hojvat and Van Ginneken, the p yidd
rises as the proton spot size on target decreases. The
energy deposition per gram of materia in the beam as
a function of spot size has been calculated {12]). The
dope of the yield versus spot size curve has not been
measured carefully. This measurement will be made in
the 1993-1994 collider run using a high resolution
secondary emission monitor which will be located just
upstream of the target. The introduction of a bcam
sweeping system to handle Main Injector intcnsitics
will insure that the spot size can be minimized without
melting the target [13}.
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